cantly influence the rate of protein synthesis (see, e.g., Roberts et al., 1979 ~ Scherer et al., 1980 Gold et al., 1981; Hallet al., 1982; J ay et al., 1982; Kastelein et al., 1983 , Wood et al., 1984 H ui et al., 1984; Schottel et al., 1984; Co lern an et al., 1985 ~ McCarthy et al., 1985 . Indeed, there is evidence that translational initiation is an important control point in the overall process of gene expression in E. coli (Kastelein et al., 1983; McCarthy et al., 1985) . However, a coherent picturc of the respective roles played by primary and secondary structure in determining the efficiency of translational initiation is still lacking.
Previous work indicated that a sequence found upstream ofthe SO ofthe atpE gene is important for enhancing the efficiency of translational initiation 037~·11IY/l$6i$03.50 ü In6 Elsevier Scicn(.;e Publishcrs B.V. {ßiomedical Division) (McCarthy et al., 1985) . Similar sequences are found in the translational initiation regions of a number of other highly expressed genes. Further investigation of this phenomenon is expected to shed light on the process of translational initiation and the manner in which its efficiency is controlled. In the present study it is shown that the intercistronic sequence found upstream of the atpE gene is capable of greatly improving translational efficiency when inserted upstream of other genes, even those foreign to E. coli. lt is thereby demonstrated that the effect upon translational efficiency is a general, rather than a genespecific, effect.
In this paper SD is taken to mean a sequence of up to 9 nt complementary to the 3' end of the E. coli 16S rRNA (Shine and Dalgamo, 1974) , which constitutes therefore a part of the total translational initiation region (RB S ).
MATERIALSAND METHODS (a) Bacterial strains and expression vectors
E. coli strains DH 1 (Hanahan, 1983) and MCG 1 (McCarthy et al., 1985) were used for transformation and expression studies.
The tac fusion promoter vector pD R540 (Russell and Bennett, 1982) was used for cloning and expression sturlies (see McCarthy et al., 1985) . The double bacteriophage }. promoter (PRPL) vector pJLf201 was constructed by inserting the bacteriophage i, c Its857 gene and PR promoter upstream from the PL promoter of pJLflOI (McCarthy et al., 1985) . The unique Sall site between the PL promoter and the fd bacteriophage terminator was used for cloning.
The cDNA gene sequences encoding mature human lNFß and IL2, respectively, were fused with various RBS regions to give the constructs shown in Fig. 1 . Synthetic SD adapters were used for the construction of ßSD l (see Gross et al., 1985) and ILSD2. A 70-bp BamHI-Nlaiii fragment of the atp operon derived from pH116(c) (McCarthy et aL 1985) containing the complete atpE RBS was used in the fusions ßatpl and ILatp2. ILSD3 and 1Latp3 were constructed using a synthetic oligodeoxynucleotide bearing a derivative ofthe atpE RBS. where a Bam Hl site had been inserted immediately 5' of the SD (see Fig. 1 ; J.E.G.McC., H. Blöcker and R. Frank, in preparation). ILSD3 was dcrived from 1Latp3 by removing the 38 nt immediately upstream from the S D site which lies between the indicated Xhol and BamHI sites. BamHI and Sall linkers were used for the cloning of the cDNA sequences tagether with the RBS regions into pDR540 and pJLf20 1. The sequences were all checked by recloning into M 13 vectors and sequencing by the dideoxynucleotide procedure (Sanger et al., 1977) .
(b) In vivo pulse labeHing Pulse labeHing with [ 35 S 1L-methionine was performed 20 min after IPTG (at 37: C) or thermal (28--+ 42 c C) induction (see McCarthy et al., 1985) . The same procedure was followed using ~H-labelled amino acids (Amersham; L-leucine, 1.-lysine, L-phenylalanine, L-proline, L-tyrosine ), except that the Iahelling pulse was increased to 2 min, after which time the corresponding unlabelled amino acids were added to give a final concentration of each amino acid of I mM.
The decay in the rate of incorporation of [
-methionine into cells after the addition of 100 pg rifampicin per ml was followed by taking 0.8-ml samples of the cultures and pulse labeHing for 40 s with a 40-s chase. Quantitation of radioactive incorporation into specific bandswas performed by excising them from dried gels and scintillation counting.
(c) mRNA local secondary structure Predictions of mRNA secondary structure werc made with the help of a programrne kindly supplied by Papanicolaou et al. ( 1984 ) .
RESULTS (a) Plasmid constructs for the expression of the INFP and IL2 cDNA sequences
The cDNA sequences encoding mature INFH and mature IL2 (Taniguchi et al., 1980; 1983) were combined with different RBS regions ( Fig. 1) and cloned into the expression vectors pDR540 (Russell and Bennett, 1982) and pJLf201 (described in this paper). Cloning into theunique BamHI site ofpDR540 allowed transcription from the tac promoter to run through the cloned sequences and then through thc ga!K gene, which lies downstream frorn the cloning site. Sequences cloned using the unique Sall site of pJLf201 were transcribed from the PRPL promoters.
Analyses were made of the possible local mRNA secondary structures which could theoretically be formed in the region -50 to +50 nt relative to the start codons of the cloned genes. No relationship between the potential secondary structures and the observed differences in potency of the RBS regions could be discerned.
(b) The atpE sequence enhances expression in vivo
The potency of the different RBS regions was examined using strains of E. coli (DHl or MCGl) containing the described constructs. To measure the relative levels of expression of the cloned genes in vivo, whole cells were solubilized after induction of the expression vectors, and samples thereof were loaded onto SDS-PA gels. The relative rates of specific protein synthesis in vivo during short time spans after induction were estimated on the basis of pulse labeHing ( Fig. 2 ; Table 1 ). The relative amounts of specific proteins synthesized over a Ionger time period were estimated by means of Coomassie staining (Table I) . Moreover, IFNß activity in extracts was also measured to give a further, independent indication of the relative amounts of this protein expressed under the direction of those constructs bearing the IFNß gene (see also Table I ).
The presence of the atpE sequence pattern upstream from the SD improves the expression of IFNß and IL2 by a factor of at least six relative to constructs bearing (three different) SD's alone. The construct ßSD 1 is very similar tothat described by Gross et al. ( 1985) except that two extra bases (UC) have been inserted between the SD and the start gal- data indicate the relative rates of specific protein synthesis du ring the dcsignatcd time period. Data are prcsented for each gcnc/translational initiation rcgion combination insertcd into pJ Lf20l and pDR540. " Thc arnount of Coomassie-stained spccific protcin band on SDS-PA gels as a percentage of total Coomassie-stained cellular protcin {cstimated using an LKB 2202 Ultroscan Iaser densitometer). The gels wcrc loaded with solubilized extracts from cells which had becn induccd for 4 h .
.t Expresscd as international units of JFNß activity with an NIH Standard as reference. " Thc sum ofthe IFN{I band and the 16-kDa breakdown (premature tcrmination) product (sec Fig. 2 ) was cquivalent to 16''.,. n.d., not detcrmined; n.m., not measurablc.
codon of IFN/). The two constructs directed the same Ievel of expression of IFNß. A ratio of about I 0 is also apparent when comparing the expression Ievels of 1Latp3 and ILSD3, where both bear the same (atpE) SD and following sequence 3' to it. This lattcr result is directly analogaus to the data reported prcviously for the atp operon (McCarthy et al., I9H5) . lnduction of the expression of IL2 and IFNß directed by thc constructs ßatpl, ILatp2 and 1Latp3 (in cantrast to induction of ßSD l, ILSD2 and ILSD3) was accompanied by a marked inhibition of bacterial growth, particularly in the case of strains producing IFN{:I. This observation, taken tagether with the competitive inhibitory effect of expression of the cloned foreign genes upon the expression of other cellular genes (Fig. 2) , and also the Ievel of expression attained (Devos et al., 1983; Remaut et al., 1983 ) , indicates that IL2 and IFNß were both expressed at very near the physiological Iimits of overproduction for these two genes in E. coli.
The influence of the atpE-type RB S region upon cxpression was similar using both typcs of cxpression vl!ctor. Thc nature of the vector did, however, influence to somc extent the characteristics of cxprcssion. For t:xample, the maximal cxpression of IFNßwas appreciably higherwith pJLf201 than with pDR540, whereas the expression of IL2 was generally at least as high with pD R540 as with pJ Lf20 1.
Another ditference is that a high percentage of thc expressed IFNß appeared as an approx. 16-kDa breakdown (or premature termination) product shortly after induction when pJ Lf20 1 was thc vector rather than pDR540 (Fig. 2) . This etfect may be associated with the initial shock of heat induction. since the total synthesis of IFN/1 over a Ionger time periodwas greater with pJLf201 than with pDR540. Expression ofthega!K gene serves as a useful marker for transcriptional activity in pDR540. The fact that the expression of this gene is less in those strains bearing ßatpi, 1Latp2 and 1Latp3 constructs indicates that the observed effects upon expression cannot be due to any significant extent to variations in transcriptional efficiency (see McCarthy et al., 1985) .
(c) The functional half-lives of mRNA transcripts of the constructed plasmids.
Comparative estimates of the functional mRNA half-lives (Fig. 3) and IFN{J. For example, the estimated functional half-lifc for the construct lLatp2 in pDR540 was 2.8 min, whereas that of ILSD2 in the same vector was 2.4 min.
DISCCSSION
The RBS upstream of the E. co/i atpE gene promotes highly efficient translational initiation of the human IL2 and IFNß genes. The segment of 30 bp or less upstream from the atpE SD plays a primary role in determining this high Ievel oftranslation, just as was shown previously for the atpE gene itself (McCarthy et al., 1985) . The maximal levels of synthesis of the two human genes in E. coli obtained in the present work using the atpE sequence are at least as high as those previously reported by others (Devos et al., 1983 ~ Remaut et al., 1983 .
The present data have several implications regarding the regulation of translational efficiency in E. coli. They demoostrate the function of a naturally 205 occurring sequence pattern ( exemplified by thc atpE RBS) as an element (additional to the SO) which can act generally to enhance the translational initiation efficiency of genes. This pattern comprises a U-rich sequence followed by an interrupted A-rich sequence; the atpE form of it is UUUUAACUGAAACAAA. It is likely to lie close to, or within, the region of mRNA bound by a ribosome as it initiates translation. Additional nt may also belong to the complete pattern. The enhancing effect on translational yield is apparently not due to changes in mRN A stability or the rate of transcription. The atpE-type pattern has been observed in thc RBS regions of other genesthat are highly exprcssed in E. coli (e . . g., ribosemal and bacteriophage ), genes~ McCarthy ct al., 1985) . Moreover, at least the U-rich part of the sequence is evident in the RBS regions of an even wider range of genes (especially among bacteriophages; sec, e.g., J ay et al., 1982) . Further relevant experimental evidencc can be found in the study of Mott ct al. ( 1985) .
They showed that a much high er efficiency of translation of the E. coli rho gene was attained when the i . . c II RBS region, which closely resembles the atpE pattern, replaced the normal rho one.
There is no obvious relationship betwcen the Ievels of expression associated with the described constructs and expected (or predictable) local mRNA secondary structure in the RBS region. Therefore, the observed effects of the atpE RBS are likely tobe due to its primary structure acting as a recognition signal for parts of the translation apparatus rather than to the influence of this region upon local secondary structure.
Thc prcsent study underlines the importance of reaction steps involved in initiation in determining the overall efficiency of translation. Thc two human gencs, especially IFN{J, have codon usages typical of many genes that are normally wcakly expressed in E. ('Oli (e.g., Grosjean and Ficrs, 1982 ). Yet these genes can be highly expressed in E. coli provided that they arc fused with efficient RBS rcgions. Thus codon usagc cannot play a primary roJe in determining the cfficiency of translation of the two genes, at least up to the maximal Ievels of expression described here. The factors which might determine the Ievel of expression of IFN{3 in E. coli will be discusscd clsewhere (G.G. and J.E.G. McC., in preparation).
In conclusion, both experimental data and sequence comparisons (McCarthy et al., 1985) prompt formulation of the hypothesis that certain sequence patterns (such as the atpE type) function generally to enhance the efficiency of translational initiation. They occur as a component of RB S regions which promote a high rate of protein synthesis. It remains to be established to what extent the mode of presentation (in relation to primary and secondary mRNA structures) as well as the precise structure of the atpE-type pattern itself determines the strength ofthe enhancer sequence's influence upon translational initiation efficiency.
